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PROCESS FOR THE REGENERATION OF REFORMING CATALYSTS 



The present invention relates to methods for the regeneration of catalytic reactors. 

Catalytic converters are frequently used in internal combustion engines in order 
to meet the various regulations concerning the levels of pollutants in exhaust gases. A 
three-way catalyst is a common form of converter used. This has three main duties, 
namely, the oxidation of CO, the oxidation of unburnt hydrocarbons (HC's) and the 
reduction of NOx to N2. Such catalysts require careful engine management to ensure that 
the engine operates at or close to stoichiometric conditions, that is fuel/air lambda=L 
Growing awareness of the need to conserve the earth's resources and increasingly 
stringent legislation have recently prompted a search for cleaner and more efficient 
alternatives to the internal combustion engine. One of the most promising of these is the 
combination of an electric motor and a fuel cell. However, the latter requires a source of 
hydrogen, for which there is no supply and distribution infrastructure comparable to that 
for liquid fuels. 

The use of fuel cells is not just limited to vehicle applications. Emergent markets 
include domestic co-generation of heat and power, and power generation in remote 
locations. Again, the availability of hydrogen is a key issue, with natural gas often being 
the preferred fuel for domestic systems, and liquid hydrocarbons being more 
transportable to remote locations. 

The problems of hydrogen supply and distribution can be overcome by 
generating it within the fuel-cell system. A hydrogen-rich gas stream, commonly known 
as 'reformate\ can be produced by catalytically converting organic fuels (such as 
gasoline, natural gas or alcohol). The process, which is referred to as 'reforming' or 
'fuel-processing\ can occur by a number of different reaction mechanisms : 

dissociation (splitting of the fuel molecules), 

steam reforming (reaction of the fuel with H2O), 

partial oxidation (reaction of the fuel with O2, usually supplied as air) 

combinations of the above reactions. 
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Because the performance of the reformer has a direct effect on the power output from the 
fuel cell, deactivation of the catalyst cannot be allowed to proceed unchecked. However 
the process of power generation cannot be stopped to allow regeneration of the reformer, 
when its performance falls below an acceptable level. The regeneration of such catalytic 
5 reactors whilst they are in use is the problem this invention sets out to solve. 

In many instances, the performance of the catalyst declines while it is being used. 
Although the rate of decline can usually be reduced by changing the operating 
conditions, it is often accompanied by a drop in hydrogen and power output. One 

10 frequently practised method for restoring the performance of a fuel processor is to 
replace the catalyst periodically. Another method involves regenerating the catalyst 
while it remains in the processor, using a prescribed regeneration procedure (eg see JR 
Rostrup-Nielsen in Catalysis Today, Vol 37, 1997, p 225-232). However, both these 
require that the process of hydrogen-generation is interrupted in order to restore 

1 5 performance. 

Thus in a first aspect, the present invention provides a method for regenerating a 
catalytic fuel processor, while it is being used to supply hydrogen to a fuel cell, 
comprising any one or more of the steps of: 

20 

continuing to pass fuel, air and steam through a reforming catalyst whilst the 
catalyst is heated by an external heat source such that the temperature of the 
catalyst may be adjusted, 

continuing to pass fuel, air and steam through a reforming catalyst and 
25 modulating the air and/or steam feed rate, 

continuing to pass, air, fuel and steam through a reforming catalyst and 
modulating the feed-rate of the fuel. 

- continuing to pass fuel, air and steam through a reforming catalyst wherein an 
oxygenate additive is added to' the feed. 



30 



and maintaining the hydrogen concentration in dry reformate above 25% throughout the 
operation of the processor. 



AMENDED SHEET 



05-07-2001 ftftfuew 
PFC1465 



GB0002387 



C3 



n 

"1 



The reforming catalyst may be one component of the catalytic fuel processor, or 
it may be the only component. Where loss of performance is being caused by a 
particular component in a complex fuel mixture, the regeneration method can be targeted 
at the specific deactivating effect 

Thus in a second aspect, the present invention provides a method for preventing 
or retarding the de-activation of a catalytic fuel processor while it is being used to supply 
hydrogen to a fuel cell comprising any one or more of the steps of: 



1 o - continuing to pass fuel, air and steam through a reforming catalyst whilst the 

catalyst is heated by an external heat source such that the temperature of the 
y catalyst may be adjusted, 

p - continuing to pass fuel, air and steam through a reforming catalyst and 

If* modulating the air and/or steam feed rate, 

jy ]5 - continuing to pass, air, fuel and steam through a reforming catalyst and 

j|l modulating the feed-rate of the fuel, 

- continuing to pass fuel, air and steam through a reforming catalyst wherein an 

oxygenate is added to the feed. 



20 and maintaining the hydrogen concentration in dry reformate above 25% throughout the 
operation of the processor. 

Again, the reforming catalyst may be one component or the only component of 
the catalytic fuel processor. In a preferred embodiment of the invention water is 

25 temporarily added to the feed. (Teed* is a term used to describe the reactant mixture 
supplied to the fuel processor.) The water will be rapidly converted into steam in the 
catalyst. The water (steam) to carbon ratio in the feed may readily be adjusted in order to 
permit targeting of the regeneration method to a specific deactivating event. Adjusted for 
the purposes of this invention means increased or decreased. The oxygen to carbon ratio 

30 may also be adjusted for the same purpose, by adding or changing the feed-rate of air, or 
by changing the feed-rate of the fuel. 
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The catalyst may contain one or more base metals, which may include copper 
(often used for reforming methanol) and nickel (used for reforming natural gas and 
higher hydrocarbons). Alternatively, the catalyst may contain one or more precious 
metals, which may include gold, platinum, palladium, iridium, silver, rhodium and 
5 ruthenium. Furthermore, it may contain both base metal(s) and precious metal(s). 
The catalyst may also contain refractory materials, such as ceramics, metal oxides, 
perovskites, metal carbides and metal sulphides. 

Additives may be added to the feed for various purposes, including acceleration 
10 of start-up of a fuel-processor, and the prevention or inhibition of its deactivation. 
Alternatively, a fuel to which additives have been added during manufacture can be used. 
In a preferred embodiment of the invention, the additive is an ox3-genate, and in an 
especially preferred embodiment the oxygenate is MTBE (methyl-tert-butylether). 

15 In order to facilitate the regeneration procedure, the temperature of the catalyst 

bed may be raised temporarily by an external energy source. Within a fuel c*;ll system, 
the external energy source may be an electrical heater, or a burner (which combusts 
either some of the fuel or some of the hydrogen produced). In addition, or alternatively, 
the temperature of one or more of the feed components may be raised temporarily, again 

20 by an external heat source. 

Among the most common causes of deactivation of a fuel-processor is the 
retention of carbon or sulphur species by the catalyst. Therefore, in a further 
embodiment of the invention, catalyst regeneration may occur by removal of the carbon 
25 or sulphur species. The carbon species originate from the fuel molecules, and indicate the 
occurrence of undesired side reactions. The sulphur species originate either from 
indigenous contaminants in the fuel or from compounds deliberately added to the fuel 
(such as the odourants used to give natural gas its recognisable smell). 

30 The present invention will now be described by way of the following examples in 

which: 

Figure la: shows the composition of dry reformate as a function of time during 
reforming of dodecane (under conditions described in Example 1). 
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Figure lb shows the effect of air pulses on the composition of dry reformate during 
reforming of dodecane (as described in Example 2). 

In both cases % in reformate is on the vertical axis and time/hours is on the horizontal 
axis. 

♦ represents Hydrogen, ■ represents carbon dioxide, and ▲ represents carbon 
monoxide. 

Figure 2a shows the composition of dry reformate as a function of time during the 

reforming of toluene under the two conditions described in example 5. 

Figure 2b shows the effect of increasing the air feed-rate on the composition of dry 

reformate, during reforming of toluene (as described in example 6). 

In both cases the left hand side of the vertical axis represents % in reformate and the 

right hand side of the vertical axis represents temperature in °C. The horizontal axis 

represents time/hours; ♦ represents hydrogen, ■ represents carbon dioxide, 

▲ represents carbon monoxide and x represents temperature. 

It will be appreciated that many variations can be made to the invention herein 
described without departing from the present inventive concept 

Example 1 (Aliphatic fuel ; no regeneration) 

A bed (0.2 g) of reforming catalyst was packed into a tubular quartz reactor, 
which was positioned at the centre of a furnace. A mixture of dodecane vapour 
(produced by vaporising the liquid at a rate of 4 cm 3 hour- 1 ), air (200 cm 3 min- 1 ) and 
steam (produced by vaporising water at a rate of 4 cm 3 hour- 1 ) was passed through the 
catalyst bed, which was heated by the furnace. The furnace temperature was maintained 
at 500°C. The product stream (ie the reformate) passed through a drier before entering a 
gas chromotagraph, which was used to analyse for hydrogen. The initial concentration 
of hydrogen in the dry reformate was just above 25%, but declined to 20% within an 
hour, and to 15% within 4 hours. See Figure la for results. 
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Example 2 (Regeneration bv air pulses) 

The test procedure described in Example 1 was repeated with a fresh charge of 
catalyst, except that every 10 minutes the air feed-rate was increased to 350 cm 3 min- 1 
for 30 seconds. Apart from the duration of the extra air pulses, the concentration of 
hydrogen in the dry reformate remained above 25% during 3 hours of testing. 
See Figure lb for results. 

Example 3 (Regeneration by temperature excursions) 

The test procedure described in Example 1 was repeated with a fresh charge of 
catalyst. Whenever the hydrogen concentration in the dry reformate dropped below 
25%, it could be restored by raising the furnace temperature to 600°C for 1 minute. 

Example 4 (Inhibition of de-activation bv MTBE addition) 

The test procedure described in Example 1 was repeated with a fresh charge of 
catalyst, except that 10% (by volume) methyl-tert-butylether was added to the dodecane. 
The hydrogen concentration in the dry reformate remained above 25% throughout 5 
hours of testing. 

Example 5 (Aromatic fuel ; no regeneration) 

A bed (0.2 g) of reforming catalyst was packed into a tubular quartz reactor, 
which was positioned at the centre of a furnace. A mixture of toluene vapour (produced 
by vaporising the liquid at a rate of 4 cm 3 hour- 1 ), air (175 cm 3 min- 1 ) and steam 
(produced by vaporising water at a rate of 4 cm 3 hour- 1 ) was passed through the catalyst 
bed, which was heated by the furnace. The furnace temperature was maintained at 
500°C. The initial concentration of hydrogen in the dry reformate was 33%, but declined 
to 25% within 3 hours. When the catalyst was replaced by a fresh charge and the 
feed-rate of steam was doubled (by increasing the rate of vaporising water to 8 cm 3 
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hour- 1 ), the initial concentration of hydrogen in the dry reformate was 37%. Within 
3 hours, the hydrogen concentration had declined to 30%. See Figure 2a for results. 



Example 6 (Prevention of de-activation by extra air) 

5 

The test procedure described in Example 5 was repeated with a fresh charge of 
catalyst, except that the air feed-rate was increased to 200 cm 3 min- 1 . The initial 
concentration of hydrogen in the dry reformate was 32%. The concentration remained 
unchanged during 3 hours of testing. See Figure 2b for results. 



10 
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CLAIMS 

1. A method for regenerating a catalytic fuel processor, while it is being used to 
supply hydrogen to a fuel cell, comprising any one or more of the steps of: 

5 

continuing to pass fuel, air and steam through a reforming catalyst whilst the 
catalyst is heated by an external heat source such that the temperature of the 
catalyst may be adjusted, 

- continuing to pass fuel, air and steam through a reforming catalyst and 
1 0 modulating the air and/or steam feed rate, 

||f - continuing to pass, air, fuel and steam through a reforming catalyst and 

y modulating the feed-rate of the fuel. 

- continuing to pass fuel, air and steam through a reforming catalyst wherein an 

$H- oxygenate is added to the feed. 

§# 

W 15 

m 

fn and maintaining the hydrogen concentration in dry refbimate above 25% throughout the 

operation of the processor. 

2. A method for preventing or retarding the de-activation of a catalytic fuel 
20 processor while it is being used to supply hydrogen to a fuel cell comprising any one or 

more of the steps of: 



continuing to pass fuel, air and steam through a reforming catalyst whilst the 
catalyst is heated by an external heat source such that the temperature of the 
25 catalyst may be adjusted, 

- continuing to pass fuel, air and steam through a reforming catalyst and 
modulating the air and/or steam feed rate, 

continuing to pass air, fuel and steam through a reforming catalyst and 
modulating the feed-rate of the fuel. 
30 - continuing to pass fuel, air and steam through a reforming catalyst wherein an 

oxygenate is added to the feed. 
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and maintaining the hydrogen concentration in dry reformate above 25% throughout the 
operation of the processor. 

3. A method according to either claim 1 or claim 2, whereby water is temporarily 
5 added to the fuel 

4. A method according to claims 1 or 2 in which air is temporarily added to the 



6. A method according to claim 5 in which the oxygenate is MTBE 
(methyl-tert-butylether). 



feed. 




A method according to claims 1 or 2 in which an oxygenate is added to the feed. 



Q 

r 



« 15 



7. A method according to claims 1 or 2 in which the catalyst bed temperature is 
raised temporarily by an external heat source. 



8. A method according to claims 1 or 2 in which the temperature of one or more of 
the reactant feeds is raised temporarily. 



20 



25 



30 
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Jpathan H. Spadt Reg. No. 




36,201 




Lawrence E. Ashery Reg. No. 

Lowell L. Carson Reg. No. 

Matthew I. Cohen Reg. No. 

Kevin W. Goldstein Reg. No.' 

Costas S. Krikelis Reg. No. 

Bruce M. Monroe Reg. No. 

Kenneth N. Nigon Reg. No. 

Allan Ratner Reg. No.' 

Frank Tise Reg. No.' 



34,515 
48,548 
48,13 3 
34,608 
28,028 
33,602 
31,549 
19,717 
50,379 



Steven E. Bach 
Kevin R. Casey 
Rex A. Donnelly, IV 
William P. Hauser 
Benjamin E. Leace 
Andrew L. Ney 
Pamela D. Politis 
dairies C. Simmons 
Stanley Weinberg- 



Reg. No. 
Reg. No. 
Reg. No. 
Reg. No. 
Reg. No. 
Reg. No. 
Reg. No." 
Reg. No 
Reg. No 



46,530 
32,117 
41,712 
26,277 
33.412 
20,300 




ifjdress all correspondence to: Christopher R I swis 

Ratner & Prestia. Suite 301. One Westlakes. Berwvn, P.O. Box 980, Valley Forge. PA .19482-0980 

/gfdress all telephone calls to: Christopher R. Lewis at T610) 407-0700. 

t, i 

'j5 ereby declare tnat a " statements made herein of my own knowledge are true and that all 
sjjjtements made on information and belief are believed to be true; and further that these statements 
vjgre made with the knowledge that willful false statements and the like so made are punishable 
b||fine or imprisonment, or both, under Section 1001 of Title 18 of the United States Code and that 
smph willful false statements may jeopardize the validity of the application or any patent issued thereon 

Full name of sole or first inventor (given name, family name) Robert Burch 



inventor's signature 

Residence Antrim. Northern Ireland 



Date 



Citizenship British* 



Post Office Address 34 Belfast Road 



Antrim BT41 1PB. Northern Ireland 



Full name of second joint inventor, if any (given name^amilyj 

Second Inventor's signature 
Residence , Reading. United Kingdom 




le) Stanislaw Edmund Golunski 



Date /2rt*Aj*^f lOOZ 



Citizenship British 



Post Office Address 2 Widmore Lane 



Sonnina Common. Reading RG4 9RR, United Kingdom 



Additional inventors are being named on separately numbered sheets attached hereto. 
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______*« pilots 



■3~<x> 

Full name of third joint inventor, if any (given name, family name) Barry William Luke Southward 




Third inventor's signature / / Date 



Residence ^foot Northern Ireland 150 C herry Sutton Road. Widnes^ Cheshire WA8 4TJ $ULS 

Citizenship British _ _ United Kingdom. £j(jfyG 

Post Office Addroos 19 Ardmore Avenue 



Formerly of: Qrmeau, Belfast BT7 3HD, Northern Ireland 

Full name of fourth joint inventor, if any (given name, family name) David Wails 

Fourth inventor's signature ^Q(a(3 Uj(X*^. Date <JL . Q 

Residence Derbyshire. United Kingdom 
Citizenship British 



5 ost Office Address 4 Whitecotes Park 



Chesterfield. Derbyshire S40 3RT, United Kingdom 

a - - " - ~ 



name of fifth joint inventor, if any (given name, family name) 
Fifth inventor's signature 



Date 



Q^enship 

R&st Office Address 

a 



Full name of seventh joint inventor, if any^given^name, family name^ 



Fjffname of sixth joint inventor, if any (given name, family name) ______ 

Hi — 

Sixth inventor's signature Date 

Residence 

Citizenship 

Post Office Address 



Seventh inventor's signature Date 

Residence __ 

Citizenship 

Post Office Address 
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